Curcumin (CUR) has been used since ancient times to treat several ailments as it possesses many pharmacological activities. This study intended to explore the mechanism underlying the protective effects of CUR in remodeling oxidative stress and apoptotic signals in cyclophosphamide (CP)-induced pulmonary injury in albino rats. CUR was administered at a dose of 300 mg/kg/day for 7 days and on the seventh day a single dose of CP (200 mg/kg) was given. Histopathological and ultrastructural examinations of CP-intoxicated rats showed complete alveolar obstruction, thickened inter-alveolar septa, enlarged blood vessels, severe inflammatory edema with pyknotic nuclei, and disappearance of cytoplasmic organelles. Significant increases in caspase-3, malondialdehyde (MDA), and protein carbonyl (PCO) and significant decreases in superoxide dismutase (SOD) and glutathione peroxidase (GPx) were observed. In contrast, rats that received CUR showed clear and empty lumina with single row of pneumocytes, disappearance of edema, and no interstitial electron dense bodies in rats' lung tissues. Additionally, CUR significantly reduced caspase-3, MDA, and PCO and increased SOD and GPx. In conclusion, these findings revealed the protective effects of CUR against CP-induced pulmonary injury in rats through suppressing oxidative damage and apoptosis.
Introduction
Cyclophosphamide (CP) is an antineoplastic alkylating agent extensively used for treating various malignancies, including lymphoma, leukemia, multiple myeloma, ovarian cancer, breast cancer, and sarcoma [1] . Injuries of normal tissues beside other side effects have been reported as a result of widespread usage of CP [2] . CP-induced lung injury is one of the most common forms of iatrogenic diseases encountered because of the extensive CP treatment [2, 3] . CP decreases the activity of antioxidant enzymes, such as superoxide dismutase (SOD), glutathione peroxidase (GPx), and catalase (CAT) as well as levels of non-enzymatic antioxidants [4] [5] [6] [7] . At the same time, CP increased the lipid peroxidation product malondialdehyde (MDA) [8] and tumor necrosis factor-α (TNF-α) [9] in the lungs of mice and rats, respectively.
Reactive oxygen species (ROS) are strong oxidants that are produced as an end product of large numbers of biological processes. ROS are responsible for many pathological conditions due to their ability to destroy many host factors through altering the dynamic redox balance between oxidants and antioxidants [10] . In addition, protein carbonyl (PCO), a type of oxidized protein formed as a result of reaction with ROS, plays an important role in oxidative stress processes. It can react with ROS or other molecules such as lipids and sugars to generate reactive carbonyl derivatives (RCD), which are highly reactive with protein. PCO content in the heart, lung, and liver was found to be increased significantly due to cellular proteins damage by ROS and its accumulation may impair the cell function [11] . It is highly interesting to use PCO as a marker of cell damage as it is highly stable, reliable, early developed, and has a long life span [12, 13] . Although the exact mechanism of CP-induced lung injury is not entirely clarified, many studies have proposed CP and its metabolites-induced oxidative stress in lung cells as the general mechanism of lung injury. In this context, more than one pathway was found to be involved in the generation of toxic metabolites of CP. The metabolites 4-hydroxycyclophosphamide and acrolein have been suggested to induce direct toxic effect on lung cells. These two metabolites can directly damage the lung cells through minimizing microsomal enzyme activity [14] and disturbing the antioxidant activity in lung [15] [16] [17] .
For decades, a wide range of natural agents have been used effectively to treat various illnesses as they are safe and possess strong antioxidant and anti-inflammatory effects [18] . Curcumin (CUR), an antioxidative and anti-inflammatory natural polyphenol compound, is one of the major compounds of Curcuma longa. CUR exhibited highly interesting beneficial effects on systemic oxidative stress and in the treatment of several induced diseases in animals and patients suffering from pulmonary complications induced by chronic chemotherapy [3, 19] . So, it received great consideration among scientists and researchers. CUR exerts in vivo and in vitro antioxidant effects through different mechanisms and it has the ability to neutralize ROS and reactive nitrogen species (RNS) [20] [21] [22] [23] [24] . CUR inhibits ROS across several cellular and animal models of different disorders [20] [21] [22] [23] [24] [25] . It decreases the expression rates of certain proteins and lipid oxidation markers, prevents the rise in oxidative derivative compounds, and increases the levels of SOD, reduced glutathione (GSH), GPx, and CAT [20] [21] [22] [23] [24] . In addition, CUR has the ability to modulate and control several signaling pathways resulting in accelerating apoptosis, antiproliferation, and cytotoxicity of different cancer cells [26] . Previous studies have demonstrated that CUR can inhibit lung injury in a mouse model of viral-induced acute respiratory distress syndrome [27] , ventilator-induced lung injury (VILI) in rats [19] , and Klebsiella pneumoniae-induced lung injury in mice [28] . However, no relevant study has explored the underlying mechanism behind the effect of CUR on CP-induced pulmonary injury in albino rats. We hypothesized that CUR could confer strong protective effects on pulmonary injury caused by CP in rats. Therefore, this study was designed to investigate the possible protective mechanism of CUR against CP-induced oxidative stress, apoptosis, and pulmonary injury in rats. 
Materials and Methods

Animals
Male albino rats weighing 200-250 g were obtained from the animal house of the Medical Research Center (MRC), Faculty of Veterinary Medicine, Zagazig University (Egypt). Rats were acclimatized to experimental conditions for one week and were fed a standard pellet ration (El-Nasr Chemical Company, Cairo, Egypt) and exposed to 12 h light/dark cycle. The study protocol and procedures have been implemented in compliance with the National Institutes of Health guidelines (NIH publication No. 85-23, revised 2011) and approved by the Local Animal Care Review Committee (ZU-IACUC/14/DEC/2018).
Experimental Design
Thirty-two rats were divided into four groups (n = 8) as follows:
Group I (Control): Rats received saline containing 0.5% carboxymethylcellulose (CMC) orally for 7 days and a single intraperitoneal (i.p.) injection of saline at day 7. Group II (CUR): Rats received CUR (300 mg/kg/day, Sigma, St. Louis, MO, USA) [29] suspended in physiological saline containing 0.5% CMC orally for 7 days and a single i.p. injection of saline at day 7. Group III (CP): Rats received saline containing 0.5% CMC orally for 7 days and a single-dose of CP (200 mg/kg, Sigma, St. Louis, MO, USA) on the seventh day [30] . Group IV (CUR + CP): Rats received CUR (300 mg/kg/day) [29] for 7 days and a single dose of CP (200 mg/kg) on the seventh day [30] .
On the eighth day of the experiment, the animals were sacrificed under anesthesia and lung samples were collected immediately.
Histopathological Assessment
Lung tissue samples were fixed in 10% neutral buffered formalin solution for 48 h, dehydrated in gradual ascending ethyl alcohol (from 70% to absolute), cleared in xylene, and embedded in paraffin. The 5-µm-thick paraffin sections were sliced using a Leica RM 2155 microtome (Leica Biosystems, Buffalo Grove, IL, USA). The sections were prepared and routinely stained with hematoxylin and eosin (H&E) dyes for histopathology [31] . All chemicals used were supplied by Sigma (St. Louis, MO, USA). All section photos were photographed with a Leica ® microscope combined with AmScope ® microscope digital camera (Leica Biosystems, Buffalo Grove, IL, USA). Lesion scores were achieved following the lesion score system designed by Robert [32] and Gibson-Corley et al. [33] . The lesions scores were represented as follows: 0 = no alterations, +1 = mild, +2 = mild to moderate, and +3 = severe or diffuse alterations.
Ultrastructural Assessment
For ultrastructure examination, lung samples were trimmed into fine sections by a sharp blade, and immediately fixed in 2.5% glutaraldehyde (pH 7.2; Sigma, St. Louis, MO, USA) for 4 h and then transferred to 1.33% osmium tetroxide (Sigma, St. Louis, MO, USA) overnight at 4 • C. Following that, the specimens were prepared as previously described by Hayat [34] . Briefly, tissues were dehydrated, cleared, and embedded in epoxy resin, and semi-thin sections were obtained by ultra-microtome. The prepared sections were stained with toluidine blue (Sigma, St. Louis, MO, USA), evaluated by light microscope (Leica Biosystems, Buffalo Grove, IL, USA) to detect lesions, and uploaded on the grid, stained with lead citrate and uranium for examination by transmission electron microscopy (TEM, JEOL JEM-1230, JEOL Ltd, Tokyo, Japan).
Immunohistochemical Assessment of Caspase-3
Immunohistochemical staining was accomplished by using primary anti-caspase-3 (Abcam ® , Cambridge, MA, USA) according to the previously described Avidin Biotin Complex (ABC) technique [35] . Briefly, 3-µm paraffin-embedded lung sections were deparaffinized in xylene followed by rehydration in descending graded ethanol and blocking in 5% bovine serum albumin (BSA; Sigma, St. Louis, MO, USA) in tris-buffered saline (TBS) for 2 h. After blocking, the sections were probed with rabbit polyclonal ant-caspase-3 overnight at 4 • C, washed thrice in TBS, and then incubated with goat anti-rabbit biotinylated secondary antibody (Abcam ® , Cambridge, MA, USA) for 1 h at room temperature. Following washing in TBS, the sections were incubated for 10 min in 0.02% diaminobenzidine (DAB; Abcam ® , Cambridge, MA, USA) containing 0.01% hydrogen peroxide and counterstained with hematoxylin (Sigma, St. Louis, MO, USA). The slides were visualized under light microscope and immunostaining densities were determined using ImagJ ® software (version 1.32j, NIH, USA) as previously described [36] .
Assessment of MDA, PCO, SOD, and GPx
The tissues samples were homogenized in cold Phosphate buffered saline (PBS; 10% w/v) using a tissue homogenizer. The homogenate was centrifuged at 10,000 g for 20 min at 4 • C, and supernatant was collected. The supernatant was used for the assessment of oxidative stress markers and antioxidant enzymes. Lipid peroxidation was determined using the thiobarbituric acid (TBA; Sigma, St. Louis, MO, USA) assay. This test was based on the reactivity of MDA with TBA to produce a red adduct [37] . SOD activity was assayed according to the method of Marklund and Marklund [38] based on the ability of SOD to inhibit pyrogallol autoxidation. GPx was assayed based on oxidation of GSH, and the reaction of the remaining GSH with 5,5-dithiobis-(2-nitrobenzoic acid; Sigma, St. Louis, MO, USA) produced a colored compound [39] . PCO was determined following the method of Levine et al. [40] and total protein content was estimated using Bradford reagent [41] .
Statistical Analysis
Statistical significance was evaluated using Graphpad Prism 7 (La Jolla, CA, USA). The data were presented as mean ± standard error mean (SEM) and the means between the groups were assessed using one-way analysis of variance (ANOVA) followed by Tukey's post hoc test. The differences were considered significant at p value less than 0.05.
Results
CUR Prevents CP-Induced Lung Injury in Rats
Histopathological Findings
The examined sections from sacrificed rats at the end of experiment revealed normal histomorphology of pulmonary parenchyma, including normal airway bronchioles and blood vessels with apparently normal alveolar septa and pneumocytes in both control and CUR groups ( Figure 1A,B ). In contrast, the CP-treated group showed marked obstruction of alveoli and thickened interalveolar septal besides more enlarged blood vessels. This thickening was prominent due to severe inflammatory edema mixed with extravasated erythrocytes in the interalveolar septa along with inflammatory cells infiltration, mainly lymphocytes and few granulocytes. Other sections showed marked compensatory emphysema combined with thickened septa with prominent interstitial edema and inflammatory cells aggregations, which led to thickened septa ( Figure 1C -G). On the other hand, CP-intoxicated rats treated with CUR ( Figure 1H ,I) revealed remodeling of the alveolar septa which were characterized by clear and empty lumen with single row of pneumocytes ( Figure 1 and Table 1 ). 
Ultrastructure Findings
The ultrastructural findings revealed apparently normal alveolar capillary with erythrocytes, blood air barrier, pneumocytes type II with normal lamellar bodies, and surface microvilli in both control ( Figure 2A ) and CUR treated groups ( Figure 2B ). On the contrary, the CP-intoxicated group showed pyknotic nuclei with chromatolysis and disappearance of cytoplasmic organelles besides electron dense bodies in pneumocytes type II, and few collagen deposits in the proteinoid materials and nearly normal pneumocytes type I. Also, other sections showed marked thickened blood-air barrier due to proteinoid materials in the fused basal lamina, erythrocytes, disappearance of the cytoplasmic organelles which were replaced by electron dense bodies, and condensed chromatin in pneumocytes type II, which suffered loss of the surface microvilli. Moreover, marked necrotic pneumocytes type I and II with lysis of cytoplasm, few electron dense bodies, and numerous erythrocytes were seen in the CP group ( Figure 2C -E). In addition, thickening of the air-blood barrier with collagen deposits, extravasated erythrocytes, interstitial electron dense bodies, and degenerated pneumocytes type I were also noticed in the CP group ( Figure 2C -E). CP-intoxicated rats treated with CUR displayed apparently normal pneumocytes type I, mildly thickened blood-air barrier, restored pneumocytes type II components, including empty lamellar bodies and mitochondria, and 
The ultrastructural findings revealed apparently normal alveolar capillary with erythrocytes, blood air barrier, pneumocytes type II with normal lamellar bodies, and surface microvilli in both control ( Figure 2A ) and CUR treated groups ( Figure 2B ). On the contrary, the CP-intoxicated group showed pyknotic nuclei with chromatolysis and disappearance of cytoplasmic organelles besides electron dense bodies in pneumocytes type II, and few collagen deposits in the proteinoid materials and nearly normal pneumocytes type I. Also, other sections showed marked thickened blood-air barrier due to proteinoid materials in the fused basal lamina, erythrocytes, disappearance of the cytoplasmic organelles which were replaced by electron dense bodies, and condensed chromatin in pneumocytes type II, which suffered loss of the surface microvilli. Moreover, marked necrotic pneumocytes type I and II with lysis of cytoplasm, few electron dense bodies, and numerous erythrocytes were seen in the CP group ( Figure 2C-E ). In addition, thickening of the air-blood barrier with collagen deposits, extravasated erythrocytes, interstitial electron dense bodies, and degenerated pneumocytes type I were also noticed in the CP group ( Figure 2C-E) . CP-intoxicated rats treated with CUR displayed apparently normal pneumocytes type I, mildly thickened blood-air barrier, restored pneumocytes type II components, including empty lamellar bodies and mitochondria, and prominent surface microvilli ( Figure 2F ). All the previous alterations and remodeling events were summarized and represented in Table 2 . Table 1 . Lesion severity grading of the 10 fields of lung sections.
Criteria
Control prominent surface microvilli ( Figure 2F ). All the previous alterations and remodeling events were summarized and represented in Table 2 . Table 1 . Lesion severity grading of the 10 fields of lung sections. were observed in CP-induced rats (B). Marked thickening of blood-air barrier due to proteinoid materials in the fused basal lamina (star), erythrocytes (er), disappearance of the cytoplasmic organelles, which were replaced by electron dense bodies (arrowhead) along with condensed chromatin in pneumocyte type II (pii), which suffered loss of the surfaces microvilli (C), marked necrotic pneumocytes types I and II (pi and pii) with lysis of cytoplasm with still few electron dense bodies (arrowhead) besides numerous erythrocytes (er) (D) were also observed in CP-intoxicated rats. Moreover, CP-induced rats exhibited thickening of the air-blood barrier (star), collagen deposits (co), extravasated erythrocytes (er), interstitial electron dense bodies (arrowhead) and degenerated pneumocyte type I (pi) (E). In contrast, apparently normal pneumocytes type I (pi), mild thickened blood-air barrier (star), restored pneumocyte type II components (pii), including empty lamellar bodies, and mitochondria (arrowhead) as well as surface microvilli (arrow) were reported in CP-induced rats treated with CUR (F). 
CUR Attenuates Apoptosis in Lung of CP-Induced Rats
Immunohistochemical staining of the apoptotic protien caspase-3 revealed normal expression in both control ( Figure 3A) and CUR-supplemented rats ( Figure 3B) . In contrast, a marked increase in caspase-3 immunostaining, particularly in the thickened interstitial tissue, was seen in the CP-treated rat ( Figure 3C) , whereas mild to moderate expression was observed in numerous pneumocytes of CP-intoxicated rats treated with CUR ( Figure 3D ). pneumocytes type I (pi), mild thickened blood-air barrier (star), restored pneumocyte type II components (pii), including empty lamellar bodies, and mitochondria (arrowhead) as well as surface microvilli (arrow) were reported in CP-induced rats treated with CUR (F). 
Immunohistochemical staining of the apoptotic protien caspase-3 revealed normal expression in both control ( Figure 3A) and CUR-supplemented rats ( Figure 3B) . In contrast, a marked increase in caspase-3 immunostaining, particularly in the thickened interstitial tissue, was seen in the CP-treated rat ( Figure 3C) , whereas mild to moderate expression was observed in numerous pneumocytes of CP-intoxicated rats treated with CUR ( Figure 3D ). The immuno-positve reaction areas percentage was determined in the stained sections from all groups and reperesented in Figure 4 . The analysis revealed a significant increase (p < 0.01) in caspase-3 in the lung of theCP group. CUR markedly decreased the expression levels of caspase-3 (p < 0.01) in the lung of the CP-intoxicated rats. The immuno-positve reaction areas percentage was determined in the stained sections from all groups and reperesented in Figure 4 . The analysis revealed a significant increase (p ˂ 0.01) in caspase-3 in the lung of theCP group. CUR markedly decreased the expression levels of caspase-3 (p < 0.01) in the lung of the CP-intoxicated rats. 
CUR Suppresses Oxidative Stress in Lung of CP-Induced Rats
To evaluate the antioxidant activity of CUR, MDA, PCO, and antioxidant enzymes were determined in the lung of control and CP-intoxicated rats. The results showed nonsignificant differences in lung MDA ( Figure 5A ), PCO ( Figure 5B ), SOD ( Figure 5C ), and GPx ( Figure 5D ) between the control and CUR-supplemented rats. On the other hand, the levels of MDA and PCO showed statistically significant increase (p < 0.001) in CP-intoxicated rats when compared with the control group. SOD and GPx in lung of the CP group exhibited statistically significant decrease (p < 0.001). CP-intoxicated rats treated with CUR exhibited statistically significant increase (p < 0.001) in SOD and GPx activities and significant decrease in MDA and PCO levels. 
Discussion
CUR is a natural compound with well-acknowledged antioxidant and anti-inflammatory effects [42] . This study investigated the potential of CUR to prevent histological and ultrastructural changes, oxidative stress, and apoptosis provoked by CP in the lung of rats. CP is a well-known antineoplastic and immunosuppressive agent that could induce sever toxicity in various organs of experimental animals and humans [6, 7, 43, 44] . In the present study, administration of CP resulted in adverse histopathological, ultrastructural, and biochemical changes in the lung of rats.
H&E staining of the lung tissues of the CP group showed the presence of sever obstruction of alveoli, thickened interalveolar septa, edema in the interalveolar septa, and compensatory emphysema combined with thickened septa. This was confirmed by the ultrastructural examination of lung tissues which showed the occurrence of pyknotic nuclei with chromatolysis, disappearance of cytoplasmic organelles besides electron dense bodies in pneumocytes type I and II, thickened blood-air barrier, and marked necrotic pneumocytes. CP has been shown to induce major cellular alterations, such as increased production of ROS and lipid peroxidation, possibly responsible for ultrastructural changes within the mitochondria that eventually trigger mitochondrial damage [45] . Accordingly, previous studies have demonstrated several alterations, including thickening in alveolar septa, alveolar cell injuries, erythrocytes in the alveolar lumen, and polymorphonuclear cells infiltration in the lung tissues of the experimental rats treated with CP [45, 46] . Prior study stated that the injury of alveolar epithelial cells could provoke excessive production of cytokines and profibrotic mediators, which are associated with tissue alteration and deposition of connective tissues, leading to destruction of lung parenchyma and formation of fibrotic lesions [47] . 
H&E staining of the lung tissues of the CP group showed the presence of sever obstruction of alveoli, thickened interalveolar septa, edema in the interalveolar septa, and compensatory emphysema combined with thickened septa. This was confirmed by the ultrastructural examination of lung tissues which showed the occurrence of pyknotic nuclei with chromatolysis, disappearance of cytoplasmic organelles besides electron dense bodies in pneumocytes type I and II, thickened blood-air barrier, and marked necrotic pneumocytes. CP has been shown to induce major cellular alterations, such as increased production of ROS and lipid peroxidation, possibly responsible for ultrastructural changes within the mitochondria that eventually trigger mitochondrial damage [45] . Accordingly, previous studies have demonstrated several alterations, including thickening in alveolar septa, alveolar cell injuries, erythrocytes in the alveolar lumen, and polymorphonuclear cells infiltration in the lung tissues of the experimental rats treated with CP [45, 46] . Prior study stated that the injury of alveolar epithelial cells could provoke excessive production of cytokines and profibrotic mediators, which are associated with tissue alteration and deposition of connective tissues, leading to destruction of lung parenchyma and formation of fibrotic lesions [47] .
According to previous studies, CUR has revealed many pharmacological activities, including anticancer, anti-inflammatory, antioxidant, and wound healing properties [20] [21] [22] [23] [24] 48, 49] . Therefore, we aimed to explore its protective effect against CP-induced lung injury in rats. CUR conferred protective effects in the CP-intoxicated group and didn't induce any alterations when supplemented to normal rats. In CP-intoxicated rats, CUR restored the normal alveolar structure and vascular permeability, and suppressed polymorphonuclear cells infiltration. Furthermore, the reported deleterious effects of CP on the lung tissue of rats were found to be associated with increased MDA, PCO, and caspase-3 accompanied with diminished SOD and GPx. These alterations are attributed to CP and its active metabolites produced in the lung [14] . Therefore, oxidative stress and apoptosis are implicated in CP-induced lung injury. In this context, apoptosis and oxidative injury induced by CP have been reported in different tissues, including lung, liver, and kidney [6, 7, [43] [44] [45] [46] [50] [51] [52] [53] [54] .
Oxidative stress is an imbalance between oxidants and antioxidants due to the excessive generation of ROS and the failure of cellular antioxidants to neutralize them [55] . ROS can damage different cellular components, including lipids and protein, and decline antioxidant enzymes. ROS provoke lipid peroxidation and this may affect the integrity of cell membrane, resulting in cell death [56] . Lipid peroxidation may boost the role of ROS via branched chain reactions and the levels of lipid peroxides can reflect the degree of cell damage. In addition to lipid peroxidation, ROS can oxidize cellular proteins and break DNA. Here, MDA and PCO were significantly increased in the lung of CP-induced rats, demonstrating lipid and protein damage, respectively. In the same context, CP has been recently reported to increase ROS generation and DNA damage in the liver of rats [51] .
Treatment with CUR conferred protection against CP-induced lung injury possibly via its ability to suppress oxidative stress and apoptosis. CUR prevented structural alterations provoked by CP in the lung of rats as revealed by the histopathological and ultrastructure findings. In addition, antioxidant defenses were enhanced, whereas lipid and protein oxidation as well as apoptosis markers were all reduced in the lung of CP-intoxicated rats treated with CUR. These findings demonstrated the antioxidant and anti-apoptosis potential of CUR. Accordingly, previous work from Mahmoud's lab revealed the antioxidant ant anti-apoptotic effects of CUR in gentamicin-, lead acetate-, and lipopolysaccharide/diclofenac-intoxicated rats [21] [22] [23] [24] . In these studies, CUR prevented tissue injury, suppressed lipid peroxidation, DNA damage, inflammation, and pro-apoptotic proteins, and boosted antioxidants defenses [21] [22] [23] [24] . CUR possesses the ability to suppress hydrogen peroxide-induced lipid peroxidation and increase thiols levels by inducing glutathione synthesis [57, 58] . Besides its antioxidant activity, CUR attenuates inflammatory responses and the release of pro-inflammatory cytokines through interfering with the nuclear factor-kappaB (NF-κB) signaling [58] . Given the key role of oxidative stress and inflammation in eliciting apoptosis, CUR can inhibit cell death through its dual antioxidant and anti-inflammatory activity. The anti-apoptotic effect of CUR has been also connected to its ability to upregulate heme oxygenase 1 [24] and the Akt/GSK-3β signaling [21] . The role of CUR in the protection against lung injury induced by several insults has been previously reported. For instance, CUR inhibited inflammation and fibrosis in a mouse model of acute respiratory distress syndrome induced by plaque-forming units (pfu) reovirus 1/L [27] . In VILI in rats, CUR inhibited oxidative stress and suppressed inflammatory responses as reported by Wang et al. [19] . Moreover, CUR has shown potent anti-inflammatory and immune-modulatory effects and prevented lung injury in Klebsiella pneumoniae B5055-infected BALB/c mice [28] . Herein, we introduced new information that CUR prevents CP-induced lung injury through its ability to prevent histological and ultrastructural alterations and oxidative stress. Although CUR has shown potent antioxidant and anti-inflammatory activities, different studies have pointed to its low availability as the main factor that can limit its therapeutic applications [59, 60] . Low aqueous solubility and intestinal absorption, systemic elimination, rapid metabolism, and degradation in alkaline pH are the main reasons for the low availability of CUR [59, 60] . Therefore, different approaches, including the use of liposomes, adjuvants, and nanoparticles have been applied to increase the solubility of CUR [61] . The antioxidant and anti-inflammatory effects of CUR nanoparticles have been recently demonstrated in acute myocardial infarction in diabetic rats [62] . In comparison with the conventional form, nano CUR exhibited stronger antioxidative and anti-inflammatory effects [62] . Hence, the potential of nano CUR to protect against CP-induced oxidative stress, inflammation, and lung injury is worth being investigated.
Conclusions
This study introduced information on the protective effect of CUR against CP-induced lung injury in rats. CUR prevented histological alterations, suppressed inflammatory cells infiltration, protein damage, and lipid peroxidation, and enhanced antioxidant defenses in the lung of CP-induced rats. In addition, CUR diminished caspase-3 expression in the lung of CP-induced rats. Therefore, CUR could be employed as effective adjuvant therapy to prevent/attenuate lung injury in patients receiving CP. Further studies are needed to investigate the genetic and proteomic changes associated with the ameliorative effects of CUR on CP-induced lung injury.
